As Ground Penetrating Radar (GPR) is increasingly employed for assessing the condition of bridge decks, quantifying and controlling the quality of GPR data becomes an important challenge. This paper uses a methodology to assess the accuracy of deck condition measures, and demonstrates the methodology in a case study involving real data. The latter are generated during GPR applications on a large bridge deck, and are processed using a commercial image-processing algorithm. The measures extracted from the processed GPR data are the rebar reflection amplitude and the dielectric constant of the deck material. The accuracy of the GPR assessments is evaluated by comparing the core data ('ground truth') to the GPR measures.
INTRODUCTION
Bridge decks represent a major component of the national bridge inventory, and assessing the state of their condition is a formidable (and costly) task. Bridge deck inspections provide useful information for determining whether any maintenance or rehabilitation actions are needed to restore bridge safety and performance. Such inspections are typically performed biennially, and provide input to state and federal agencies concerned with managing bridges and allocating resources to meet bridge needs.
Current assessments of the condition of bridge decks rely mostly on visual inspection, a rather subjective way of examining only the condition of deck surfaces (deck top, under deck and fascias). Bridge decks represent some of the most vulnerable bridge elements, have shorter life cycles (compared to other elements), and require major resources for their maintenance and rehabilitation. It is also known that the serious deterioration processes occur inside the bridge deck structure (e.g., delaminations, debonding, etc.), and that visual inspection is incapable of detecting such defects. Thus, it is not surprising that the advance of subsurface sensing and imaging (SSI) techniques found early applications in deterring the condition of bridge decks. The hope in the use of SSI techniques is to detect the presence of defects at an early stage so as to prevent deterioration from advancing through appropriate preventing maintenance actions.
Ground Penetrating Radar (GPR) is one of the most mature SSI techniques and is frequently used for bridge deck condition assessment. Many transportation agencies are currently using the GPR technique, or have intentions to use it in the near future (1) . Numerous GPR case studies for condition assessment of bridge decks and other transportation facilities have been performed and reported in the literature (2)~ (5) . However, an open problem associated with the use of GPR is the issue of determining the threshold of GPR signal detection, which currently varies from case to case, depending on the experience of the user.
A method called Receiver Operator Characteristic (ROC) is used in this study to assess sensor performance and systematically determine the needed thresholds of GPR signals. ROC is a signal detection technique that is often used in medical application such as tumor detection (6) , (7) . This signal detection method is also performed in land mine detection applications, in which of interest is the diagnostic performance of individual sensors or multiple fused sensors, such as GPR, infrared, and mine detector, to locate land mines (8) . The evaluation of the diagnostic performance for bridge deck assessments using the GPR technique is of great importance because it will provide GPR users an opportunity to increase the accuracy and reduce the uncertainty of GPR applications.
A case study using data from GPR applications on a real bridge deck is presented. The case study involves GPR surveys that are performed on the Grand Island Bridge in western New York State to evaluate the condition of the bridge deck. The ground truth is established through tests on cores taken at selected locations of the deck.
The goal of this study is twofold, namely: (a) initiate a process of addressing the accuracy with which GPR measures, such as rebar reflection amplitudes and dielectric constants, detect the defects inside bridge decks, and (b) improve the understanding of the way in which thresholds of GPR data can be determined logically to optimize between true detection rate and false detection rate. Specific objectives of this paper are to:
• Use the receiver operator characteristic (ROC) as an effective method for evaluating GPR sensor performance for bridge deck assessment.
• Evaluate the diagnostic performance of GPR data associated with core tests using ROC analysis and data generated in the case study.
• Explore the development of a methodology to determine the GPR data thresholds for detection of bridge deck defects.
BRIDGE DECK CONDITION ASSESSMENT USING GROUND PENETRATING RADAR (GPR)
Basically GPR utilizes electromagnetic (EM) waves that can travel in straight lines within dielectric materials such as those used for bridge decks (e.g., concrete, asphalt), reflect from objects in their path, and allow measurements of the reflected or transmitted waves. Such measurements are used to determine position, speed, refraction, energy absorbed, and other characteristics of the objects met by the EM waves. Reflected waves are converted into voltage, and the pattern of waves produces a voltage versus time record (Figure 1 ). The primary components of a GPR system consist of antenna, control unit, surveying wheel and storage and display (1) . GPR antennas used for bridge deck characterization are mostly designed for air-coupled operation. The heart of the system is the control unit, which controls the transmission of the source waves and the capturing of the returned signals, and in which a set of preliminary processing calculations for the EM waves is conducted. Mono-static, high frequency (about 1 GHz), and air-coupled antennas are suitable and are those mostly used in bridge deck surveys. A surveying wheel measures the distance of a strip line that the vehicle on which GPR equipment is mounted moves over the bridge deck, and the inspector can mark on the spots that might be distinguishable such as survey starting and ending points, patched areas, expansion joints, etc.
GPR waves are capable of penetrating dielectric materials, while metallic substances tend to reflect these waves. The velocity of propagation through a given material is governed by the electromagnetic properties of the material, i.e., velocity depends on the dielectric properties of the material (equation 2). The time that GPR measures is the round-trip travel time of short nanosecond (ns) pulses. Measured round-trip travel time data can be converted into thickness or depth information with the knowledge of the velocity of propagation in the subsurface layer (9) . The expression used to achieve this is as follows:
in which d = depth, v = velocity, and t = two-way time
in which c = speed of light (0.3 m/ns), and r ε = relative dielectric constant.
The amplitude of the wave reflected from a change in dielectric properties (at the interface of two materials) depends on the ratio of the relative dielectric constants of the two materials and is referred to as the reflection coefficient (10) . The reflection coefficient (R 1,2 ) at the boundary of two materials, Material 1 and Material 2, may be expressed in the form ) /( ) ( Using equations 1, 2 and 3, the dielectric constants of concrete bridge deck at the surface of each wave signal point can be computed using a metal plate, which provides for complete reflection, and knowing that the relative dielectric constant of air is 1. The resulting expression is (11):
in which s ε = deck surface dielectric constant, A = amplitude of reflection from deck surface, and mp A = amplitude of reflection from metal plate.
The dielectric constant and wave reflection represent the two important quantities in deck condition assessment using GPR and are determined through appropriate signal processing techniques guided by the above expressions. Bridge deck deterioration can be inferred through interpretation of the determined values of the two quantities (2), (3) , (11) . If decks have defects, such as delamination caused by rebar corrosion, cracks, poor consolidation of the overlay, etc., values of the two quantities vary beyond their "normal" ranges that are called 'thresholds'. In GPR applications to date, these thresholds are mostly determined heuristically, based on the experience of the person performing the GPR data interpretation. Thus, it is possible that findings and overall assessments of the condition of a specific bridge deck differ among different between GPR data interpreters with different experience on the subject.
RECEIVER OPERATOR CHARACTERISTIC (ROC) ANALYSIS FOR GPR MEASURMENT OF BRIDGE DECKS
The output of interest in the GPR application on bridge decks and of the subsequent analysis of the generated images consists of the values found for the reflection amplitudes and dielectric constants of the materials constituting the decks. The challenge in data interpretation is to establish how well determined values of these two quantities characterize bridge deck defects, and how to select the needed threshold values, which represent the basic criteria for deciding whether defects exist. The performance of GPR itself and of the data processing scheme is of importance to GPR users, giving rise to the need for a quantitative evaluation of the accuracy and reliability of the technique. Detecting deteriorated areas within bridge decks without any destructive investigation is a formidable task, and it is expected that uncertainty will always be present. Understanding the nature and magnitude of this uncertainty is critical for a proper interpretation of the accuracy of GPR measurements.
Possible events associated with GPR signal results may consist of four cases. The relationships of those events and their probabilities may be described in a contingency table (Table 1) , which are commonly used in general statistical quality evaluation and control problems (12) . The events 'hit' and 'correct rejection' represent "true" cases, while the other two events represent "false" cases. The two events H= "hit" and FA="false alarm" may be used to represent the diagnostic performance for GPR signal detection due to their complementary relationship shown in equation 5. The probabilities P [H] and P [FA] associated with these two events in GPR applications can vary according to the threshold values selected in determining their probabilities of occurrence. That is, if one uses too strict a threshold, the true detection rates P [H] will be low (close to 0), and also the miss rate P [M] will decrease (close to 0). In the opposite case, if one uses a greater value for threshold, then P [H] will increase (close to 1) and also the probability for false detection P [FA] will increase (close to 1). In addition, the accuracy (AC) rate can be defined as the proportion of the total number of true events (equation 5). The expressions that relate these events and their probabilities of occurrence as used in ROC analysis are as follows (6), (12) :
Paper revised from original submittal. Use of the ROC curve may be explained with the aid of probability-of-occurrence curves. The probabilityof-occurrence curves consist of two hypothetical probabilities of the events hit (H) and false alarm (FA), pertaining to each range of threshold values of sensor signal data. These two curves, which are likely probability density curves, are plotted in the same graph (left plot in Figure 2 ). These two curves can be converted to an ROC curve that represents every hypothetical event. Figure 2 shows how the probability-of-occurrence curves match to ROC curve. Figure 3 shows ideal cases of three different sensor's ROC curves associated with probability-of-occurrence curves, respectively. The sensor power to discriminate defects from decks is characterized by the shape of curves. Higher accuracy of the sensors show more separated curves in probability-of-occurrence and more convex curve in ROC graph. Features of ROC graph are: (a) an ROC graph embodies all information contained in the contingency table, (b) ROC graph visualizes the tradeoff between the ability of a threshold to correctly classify true detection cases and false detection cases that are not correctly identified, and the area under ROC curve indicates the performance of surveying sensor (maximum=1, minimum=0.5) (13), (14) .
The general procedure to perform the ROC analysis is as follow:
Step 1: Determine the appropriate threshold range.
Step 2: Count the number of occurrences for event hit (H) and false alarm (FA) according to each range of threshold values, and calculate the probabilities of both events based on surveyed data and ground truth data.
Step 3: Construct the 'Probability-Of-Occurrence' curve through plotting the probabilities of event hit (H) and false alarm (FA) pertaining to each range of threshold values.
Step 4: Compute the cumulative probabilities of event (H) and false alarm (FA) pertaining to each range of threshold values.
Step 5: Construct ROC curve through plotting the obtained cumulative probabilities in Step 4.
Step 6: Determine the optimum threshold value.
CASE STUDY
Data used in this case study were generated from an application of GPR on the two Grand Island Bridge decks. The structure of both bridges consists of steel girder and truss spans. The GPR system used was a single 1 GHz horn antenna manufactured by Geophysical Survey Systems, Inc (GSSI). The system was mounted on a vehicle with an electronic distance-measuring wheel. The GPR survey speed had a range of 20-30 mph, which was slightly below normal driving speed, and which did not have a significant effect on traffic.
The North Grand Island bridge data was analyzed in this paper for detection of concrete deck defects using GSSI's RADANNT software. The dielectric constant and wave reflection values are determined using the appropriate processing algorithm. Figure 4 shows a sample of processed GPR data from the North Grand Island Bridge. The data have been filtered, compressed, and processed with adjustment of surface reflection points to be started at the same line using a calibration file that was generated by bouncing the GPR mounted vehicle with metal plate. The analysis produces a contour mapping of areas of local variability in dielectric constant and rebarreflection. A sample mapping is shown in Figure 5 . The percentage of the deterioration deck area is obtained by combination these two mappings and using threshold values, selected on the basis of previous experience (3). The "ground truth" was determined through the use of cores and corresponding tests after GPR survey. A total of 32 cores were used for the North Grand Island Bridge. They showed the latex modified concrete (LMC) layers in the deck, the rebar depth, and the boundary condition state between LMC and original concrete. Cores were taken with 8¾ inch drilled depth, and they were all partial depth cores. A number of 12 from the 32 cores were reported as having the types of defects of interest in this study. The core test results and a photo sample are attached in Table 2 .
The core test data and GPR data driven by GSSI RADANNT are used to perform an evaluation of accuracy for GPR signal detection of deck defects. Seven signal data of rebar reflections and dielectric constants are extracted from the processed GPR data file around the core test positions, and average values are used in the analysis. The rebar reflection and dielectric constant values are normalized to 1 and 9, respectively, so as to enable the construction of the probability contingency table while varying the threshold values. The presences of defects were inferred as two cases, which are: (a) smaller rebar reflection amplitudes (normalized to 1) than the threshold values, and (b) bigger deviation of dielectric constants (normalize to 9, which is typical concrete dielectric constant) than the threshold values.
The probabilities of the 'hit' and 'false alarm' were tabulated based on the analyses of core results and GPR data varying threshold values (table 3,4). Results of the analysis are shown in Figure 6 ,7 and Table 5,6. As it can be seen from Table 5 and Figure 6 , the "best" choice of threshold for rebar reflection in this case is recommended as 0.8. The GPR rebar reflection signal that is less then 80 percent to the normalized value corresponds to suspected deterioration area for the bridge deck with 10 percent 'false alarm', 75 percent 'hit' probabilities, and 80 percent accuracy. However, the dielectric constant data are not able to differentiate condition states between normal and deteriorated bridge decks. When considering Table 4 and Figure 7 , the probability-of-occurrence curves are too much overlapped, and the ROC curve is almost a straight line.
The data analysis in the case study is summarized as follow:
1. GPR data were collected along the North Grand Island Bridge (Buffalo, New York), using a 1 GHz air horn antenna, and processed with the aid of an algorithm found in the commercial software RADAN developed by Geophysical Survey Systems, Inc. 2. The 'ground truth' needed to evaluate the GPR performance was established using data based on core tests (23 cores). 3. Values of the rebar reflection and dielectric property, which were used in this paper to evaluate GPR diagnostic performance, were manually extracted from the processed data at the positions of the cores (ground truth). Seven GPR signal data were taken around each core position, and their average value was used to reduce biased data due to unexpected clutters, such as big gravel that could transmit false information. 4. For the purpose of threshold standardization, rebar reflection amplitudes were normalized to 1, and dielectric constants were normalized to 9 as typical concrete dielectric constant. 5. In each threshold range, probabilities of true detection ('hit') and false detection (false alarm), associated with core data, were tabulated for establishing the probability-of-occurrence curves, and cumulative probabilities of the two events were calculated for establishing the ROC curve. 6. Based on the data of the previous step, probability-of-occurrence curves and ROC curves for the bridge deck were obtained. The ROC curve was plotted with the false detection rate on the horizontal axis and true detection on the vertical axis in a single graph. 7. Selecting targeted values of diagnostic performance enabled the determination of appropriate threshold values. The shape of ROC curve (the more convex the shape of the curve, the higher its diagnostic performance) for rebar reflection amplitude showed the following:
• 8. Currently, GPR practitioners for bridge deck application tend to use both rebar reflection and dielectric constant data in evaluating the condition of bridge decks. However, the findings of this study indicate that dielectric constant data do not contribute towards the detection of deteriorated conditions in bridge decks, and that contribution to this end is made mostly by surface reflection. This can be attributed to the presence of the LMC overlay, which obscures the values of the dielectric constant of the original bridge deck concrete (which has been overplayed by LMC).
DISCUSSION AND FUTURE RESEARCH OPPORTUNITY
Ground truth data, such as core test data, is needed to perform an ROC analysis to evaluate sensor capability and to determine the optimum threshold value. More statistical data analyses under various condition states of bridges will provide practitioners a standardized method to determine threshold values without cores. The database obtained from the statistical analysis for each bridge within project level may be expanded to network level analysis for subsurface condition assessment of bridge decks. The ultimate goal of this study will be to enhance the Bridge Management Systems (BMS) by including subsurface condition assessment for bridge decks in addition to visually assessed surface condition states. Establishment of a bridge deck testbed will enable an ongoing evaluation of GPR, and other, subsurface sensing devices. The presence of such a "real world" testbed and a systematic effort will lead to improved assessments of the accuracy of GPR measures, and, most importantly, it will lead to an improved understanding of the conditions under which GPR should be deployed. There are other SSI techniques currently used for bridge deck condition assessment, such as those using infrared thermography and acoustic sensors (e.g., impact echoing). It is also clear that each SSI technique used for bridge deck assessment has distinct capabilities and limitations. For this reason, the concept of combining two or more sensing techniques into a sensor fusion scheme is emerging as a promising approach to overcome the shortcomings of individual sensing modality. Sensor fusion, although a mature technology already deployed in other fields of endeavor, such as medical and military applications, it has not been pursued systematically for bridge deck assessments, or in that matter, any aspects of the broad field of civil infrastructure. The state of practice is typically limited to the use of two (or, rarely, three) SSI techniques in independent applications on the same structure, and an assessment of the bridge deck condition through a simple tabulation of data obtained from the individual sensing devices ("data fusion").
It should be noted that the systemic development of sensor fusion concepts, techniques, and algorithms, and the advancement of methodologies for determining change through space and over time is the mission of a recently established concentrated research effort at Rensselaer Polytechnic Institute. Under the auspices of the Center for Subsurface Sensing and Imaging Systems (CenSSIS), the research program aims to develop the needed SSI solutions for bridge decks, and other civil infrastructure and geotechnical problems.
CONCLUSION
On the basis of the performed analysis and obtained results, the following conclusions may be drawn:
1. The ROC method is a viable technique for evaluating the diagnostic performance of GPR signal detection. 2. It is feasible to establish threshold values optimally, thus enabling GPR practitioners to determine the most appropriate threshold values rather than depend solely on experience. 3. The case study analysis revealed that dielectric constant data contributed little to detect the deteriorated conditions below the bridge deck surface. There is a need for more research on this topic to fully understand the reasons for this result. An explanation can be due to the presence of the latex modified concrete (LMC) overlay and the fact that this cannot represent old bridge decks, while values of the dielectric constants are derived from surface reflection. 4 . Targeted values of GPR diagnostic performance should be decided according to the importance, size, structural type, and location of the bridge under examination. When true detection rate and false detection rate are not adequate, a recourse available may include use of sensor or data fusion algorithms. 5. Multi-sensor fusion SSI techniques that include GPR promise to provide improved capabilities in assessing the condition of bridge decks. 
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